Introduction
In the continuous casting of steel, the phenomenon in which the solidified shell bulges due to the ferrostatic pressure of the molten steel as the slab passes through the series of rolls in the continuous casting machine is called inter-roll bulging. As inter-roll bulging is caused by elasto-plastic deformation, the bulging of the solidified shell which occurs between the rolls does not completely return to its original shape when the slab moves to the next roll. This means the slab has a bulging shape as it moves through the caster. Because the volume of molten steel in the slab changes at each roll, the mold level fluctuates at the roll pitch cycle. This phenomenon is called mold level fluctuation caused by unsteady bulging, and affects the surface quality of the product and stable operation of the continuous casting process.
Various approaches such as increasing the amount of secondary cooling water 1) and adoption of a non-cyclic roll pitch 2) have been taken to suppress unsteady bulging.
Inter-roll bulging and unsteady bulging have been measured in a number of studies. Saeki et al. 3) measured the
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As outlined above, many studies have measured interroll bulging and unsteady bulging in experimental casting machines and commercial continuous casting machines.
However, there have been few studies in which unsteady bulging in a commercial continuous casting machine was measured in consideration of segment fluctuation, and the validity of the measured data was examined by comparison with the mold level.
In this study, the fluctuation of inter-roll bulging with time (i.e., unsteady bulging) in a commercial continuous casting machine was measured in consideration of the fluctuation of the relative distance from the segment to the ground. Furthermore, the validity of the measured unsteady bulging data was estimated by comparison with the cycle and volume change of the mold level.
Experimental Method
An ultrasonic range finder using a water column was installed in a commercial vertical bending continuous casting machine, and the amount of fluctuation of inter-roll bulging during casting was measured intermittently. The ultrasonic range finder was installed between segments about 4 m upstream from the predicted crater-end position. Figure 1 shows a schematic diagram of the ultrasonic range finder installed in the commercial continuous casting machine. In this measuring system, an ultrasonic wave was applied to a slab using the water column, and the relative distance between the ultrasonic range finder and the slab was measured from the propagation time and sonic velocity. The resolution of this measuring system was 0.01 mm, and the measurement accuracy of the relative distance was below 0.05 mm.
As the ultrasonic range finder was fastened to the segment, it was considered possible that a value which included segment fluctuation was measured as the fluctuation of inter-roll bulging when the segment fluctuated greatly during measurement of inter-roll bulging. In order to measure the fluctuation of the segment in which the ultrasonic range finder was installed, a laser range finder was installed on the ground facing the segment.
In addition, in order to investigate the amount of fluctuation of the roll gap in the segment when a slab with a bulging shape passed through the rolls, the fluctuation of the distance from the ground at the segment around the craterend position was also measured by a laser range finder. It is difficult to measure roll gap fluctuations directly due to restrictions of the equipment. However, since the lower segment was fixed on the ground, it was considered possible to measure the value equal to the amount of roll gap fluctuation by measuring the fluctuation of the upper segment. Here, deformation of the frame, bearing and so on was ignored.
The crater-end position was converted from the ultrasonic waveform obtained by application of the ultrasonic wave to the slab during casting.
Unsteady parts such as the initial stage of casting were avoided, and the part with a regular casting velocity from the mold to the crater-end position was measured.
The moving average value of the measured data within a certain time was calculated as a reference position ( = 0 mm) at each measurement time, and the difference from the reference position was calculated as the amount of fluctuation.
Experimental Results

Temporal Change and Cycle in Inter-roll Bulging
and Mold Level First, as planned, the crater-end position converted from the ultrasonic waveform was about 4 m downstream from the position where the ultrasonic range finder installed. Figure 2 shows an example of the fluctuation of interroll bulging measured by the ultrasonic range finder. The measurement period shown in Fig. 2 was judged to be a steady part, and the slab was cast at the regular casting velocity from the mold to the crater-end position in this part. Figure 3 shows the fluctuation of the segment in which the ultrasonic range finder was installed at the same time as that in Fig. 2 . As shown in Figs. 2 and 3, the amount of fluctuation of the segment in which the ultrasonic range finder was installed was much smaller than the amount of fluctuation of inter-roll bulging. These results revealed that the value measured by the ultrasonic range finder using the water column contained almost no fluctuation of the segment, and the measured value was the fluctuation of inter-roll bulging as such, and was not significantly affected by any other factors.
Due to restrictions on the installation accuracy of the ultrasonic range finder in regard to the vertical axis in Fig.  2 , 0 mm could not be matched with the pass line between the rolls. For this reason, it was not possible to measure the absolute amount of the inter-roll bulging. However, quantitatively measurement of the difference between the maximum and minimum amounts of inter-roll bulging (that is, the absolute amount of fluctuation) was possible by this experimental method. Figure 4 shows the mold level fluctuation at the same time as that in Fig. 2. Figure 5 is an enlarged figure of the horizontal axis in Figs. 2 and 4. As shown in Fig. 4 , both fluctuated with the same cycle.
As also shown in Figs. 2 and 4 , only the value of the ultrasonic range finder using the water column fluctuated greatly at times. In an ultrasonic range finder using a water column, the measured values are sometimes abnormal if air is involved when the water column touches the slab, this is thought to be the cause of the fluctuations of the range finder values in these experiment.
Fourier transform analysis was applied to the fluctuation of inter-roll bulging and mold level. Figure 6 shows the Fourier transform results. In both results, a peak occurred at a 0.087 (1/s) cycle. In addition, in the analysis of fluctuation of inter-roll bulging, a peak also occurred at a 0.035 (1/s) cycle. The 0.087 (1/s) cycle corresponded approximately to the cycle of the roll pitch divided by the casting velocity. Figure 7 shows fluctuation of the distance from the ground at the segment including the crater-end position and one segment to the upstream side. At the segment including the crater-end position, the amount of fluctuation was larger than at the segment one segment to the upstream side, but at both segments, the amplitude of segment fluctuation was smaller than half that of the inter-roll bulging. Figure 8 shows the results of a Fourier transform applied to the fluctuation of the segment including the crater-end position and the segment one segment to the upstream side. The peak intensity of the cycle corresponding to the roll pitch increased at the segment including the crater-end position compared to the segment on the upstream side. However, the peak intensity shown in Fig. 8 was approximately 1/5 of the peak intensity of the cycle corresponding to the roll pitch in the fluctuation of inter-roll bulging shown in Fig. 6 . Therefore, when a slab with a bulging shape passes through the rolls of a continuous caster, it is considered that the rolls are hardly displaced in the thickness direction, and the liquid phase within the slab is displaced instead. Even in the segment including the crater-end position, although the rolls are displaced slightly in the thickness direction at the cycle corresponding to the roll pitch, this displacement is small compared to the fluctuation of inter-roll bulging. This also supports the conclusion that the liquid phase within the slab is displaced.
The above results revealed that the value measured by the ultrasonic range finder using the water column was the fluctuation of inter-roll bulging as such. In addition, when the amount of fluctuation of inter-roll bulging was compared to the volume change of the mold level, it was found that correction for the segment fluctuation is unnecessary.
Ishimura et al. 8) and Nakamori et al. 9) reported that the fluctuation cycle of the segment and bulging corresponded to the rotation cycle of the rolls. In this study, as shown in Figs. 6 and 8, a peak also occurred at a 0.035 (1/s) cycle in the results of the Fourier transform analysis of the fluctuation of the inter-roll bulging and the segments. As this cycle corresponds to one rotation of the roll in the segment, it was thought that the roll of this segment was eccentric. In contrast, as shown in Fig. 6 , a noticeable peak at 0.035 (1/s) was not observed when the Fourier transform analysis was applied to the fluctuation of the mold level. This means that segment fluctuations due to the eccentric roll had little effect on mold level fluctuations.
Volume Change by Inter-roll Bulging Fluctuation and Mold Level Fluctuation
The volume change of the molten steel with mold level fluctuations caused by unsteady bulging is supposed to be equal to the volume change of the liquid phase within the slab caused by inter-roll bulging fluctuation. In order to evaluate the validity of the amount of fluctuation of interroll bulging measured in this study, the amount of fluctuation of inter-roll bulging was converted to fluctuation of the mold level, and the value was compared to the actual amount of fluctuation of the mold level.
In past studies, it was considered that unsteady bulging becomes larger in case a slab passes continuously through rolls with the same pitch. Yamamoto et al. 2) shortened the length of the region with the same roll pitch from 8.75 m to 5.25 m.
In the continuous casting machine in the present study, the rolls were also arranged with the same roll pitch, and the region was from the crater-end position to approximately 8.4 m on the upstream side, which included the installation position of the ultrasonic range finder using the water column. Since the fluctuation of inter-roll bulging was measured at only one position in the casting direction in the present study, it was assumed that the amount of fluctuation of inter-roll bulging was the value measured in this study and was constant in the casting direction, as the range finder position was roughly halfway between the crater-end position and the starting point of the region of rolls arranged with the same roll pitch. Mold level fluctuation was assumed to be caused only by unsteady bulging, and other effects such as throughput were ignored. Figure 9 shows a schematic diagram of the unsteady bulging and mold level fluctuation.
The volume change of the molten steel by mold level fluctuation is expressed by Eq. Therefore, the absolute amount of inter-roll bulging fluctuation measured in this study is thought to be valid.
Discussion
As mentioned above, when unsteady bulging occurs, a slab with a remaining bulging shape passes through the series of rolls in the continuous casting machine. Even when the fluctuation of inter-roll bulging is minimum, the slab is assumed to bulge to some degree because the ferrostatic pressure of the molten steel acts on the slab. Therefore, it is considered that there are two types of relationships between the slab shape and the pass line of the rolls when unsteady bulging occurs, as shown in Fig. 11 . Figure 11(a) shows a schematic drawing of the type when the minimum amount of inter-roll bulging is located inside the pass line, and Fig. 11(b) shows a schematic drawing of the type when the minimum amount is located outside the pass line. Past studies also presented schematic drawings of unsteady bulging. For example, the unsteady bulging shown graphically by Matsumiya et al. 12) is thought to be classified as type in Fig. 11(a) , while that shown by Lee et al. 10) is thought to be classified as the type in Fig. 11(b) . The shape of unsteady bulging in this study is estimated from the measured fluctuation of inter-roll bulging.
The fluctuation of inter-roll bulging measured correspond to the difference between the maximum and minimum amounts of inter-roll bulging (d max − d min ). It is considered that unsteady bulging has the shape shown in Fig. 11(a) in case d min is negative, and has the shape shown in Fig. 11(b) when d min is positive. d max is assumed to correspond to the value calculated by the calculation formula for the amount of inter-roll bulging proposed heretofore.
Based on an elastic beam model, Kawawa et al. 13) proposed the calculation formula shown in Eq. (5) for the maximum deflection value. modulus, d shell (cm): solidified shell thickness. Morita et al. 14) proposed a bulging amount based on a stress analysis using the finite element method, as shown in Eq. (6) . In the present study, d max was calculated by these formulas. The thickness of the solidified shell was the value calculated by a heat-transfer calculation at the measurement position of bulging in this study. The ferrostatic pressure and roll pitch were also the values at the measurement position of bulging in this study. d max − d min was calculated by averaging the difference between the maximum and minimum values in the cyclic fluctuation of inter-roll bulging shown in Fig. 5 .
As a result, d min had a negative value. Therefore, when the inter-roll bulging was the minimum value, the slab shape was considered to be concave inside pass line, as shown in Fig. 11 (a) in this study.
Conclusion
The amount of fluctuation of inter-roll bulging in a commercial continuous casting machine was measured in consideration of the fluctuation of the segment, and was compared to the cycle and volume of the mold level fluctuation. The following results were obtained.
(1) The amount of segment fluctuation was much smaller than the amount of fluctuation of inter-roll bulging. Therefore, segment fluctuation did not affect the measured results of inter-roll bulging fluctuation.
(2) Inter-roll bulging and the mold level fluctuated with the same cycle, and this cycle corresponded to the cycle calculated from the roll pitch and casting speed. Therefore, it was confirmed that the value measured by an ultrasonic range finder in this study was unsteady bulging as such.
(3) The amplitude of the mold level converted from the fluctuation amount of inter-roll bulging corresponded approximately to the actual mold level. Therefore, the absolute amount of inter-roll bulging fluctuation measured in this study was considered reasonable.
(4) When the inter-roll bulging was the minimum value, the slab shape was considered to be concave inside pass line in this study.
